INTRODUCTION
Rare earth elements (REEs) can be conservative elements during water-rock interactions due to their low solubilities, thus REE pattern is an important geochemical be investigated. For this purpose, various studies have been conducted based on REE analyses coupled with fractionation of the sample by chemical leaching and principle factor analysis (Toyoda et al., 1990; Toyoda and Masuda, 1991; Takebe, 2005) . These studies demonstrated that REEs are incorporated in the three components in sediments such as (i) detrital materials (e.g., loess), (ii) apatite, and (iii) Mn 4+ oxides. Among them, apatite and Mn oxides exhibit Ce anomaly, typically negative and positive anomalies, respectively. However, these studies mainly considered the host phase of the pelagic sediments near the surface collected from various sites in the Pacific.
It is well known, on the other hand, that Mn oxides are subject to reduction and dissolution within sediments during early diagenesis (Froelich et al., 1979; Thamdrup and Canfield, 1996) . Hence, the REE pattern of the sediments can change depending on the degree of reductive dissolution of Mn 4+ oxides, given that REE can be initially enriched in the Mn 4+ oxides. The primary aim of this study is to understand the fate of REE initially associated with Mn 4+ oxides at the sediment surface during early diagenetic processes.
In the present study, we measured REE abundances in the cored sediments recovered by Leg 191 in Ocean Drilling Project (ODP; Kanazawa et al., 2001) . We identified the host phase of REEs based on chemical leaching technique previously employed by Toyoda and Masuda (1991) and Takebe (2005) . In addition, we have obtained the REE patterns of Mn 4+ oxides and apatite by measuring REE contents of each phase directly using laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS) as reported by Kon et al. (2014) . As for chemical species that can be effected by the early diagenesis, the oxidation state of Ce related to the appearance of Ce anomaly in sediments was determined by X-ray absorption near-edge structure (XANES) at the Ce L III -edge (Takahashi et al., 2000a) , coupled with the speciation of Mn and Fe by K-edge XANES (Fukukawa et al., 2004; Takahashi et al., 2011) . Moreover, some samples of Mn 4+ oxides and apatite in the sediments were examined by m-XRF-XAFS technique to obtain Ce L III -edge XANES for each particle. Although extended X-ray absorption fine structure (EXAFS) can have direct information of the host phase of each element, it was difficult to measure EXAFS for any REEs in our samples due to their low abundances. Yttrium (Y) K-edge XANES is useful, because (i) its abundance is relatively high in the sediments and (ii) the spectrum at Y K-edge XANES includes information of Y species in sediments (Tanaka et al., 2009) . Based on these results, transfer of REEs from Mn 4+ oxides to phosphates such as apatite during early diagenesis was inferred. If the apatite can scavenge REEs in pore water released by dissolution of Mn 4+ oxides during diagenesis (without serious mutual fractionation of REEs), it is expected that apatite can preserve information about the initial REE pattern of Mn 4+ oxides. This process suggests that REE pattern of apatite includes REE signatures initially recorded in Mn (and Fe) oxides.
The transfer of REEs from Mn (and Fe) oxides to apatite during diagenesis can have several implications. First, this process causes the original REE pattern of apatite to be modified by the incorporation of REEs released by Mn (and Fe) oxides. The degree of modification depends on the ratio of REEs in Mn (and Fe) oxides to that in apatite initially formed at the sediment surface. If much more REEs are released than was initially incorporated in the apatite, then the initial REE pattern in apatite can be changed to a great degree. In this case, REE pattern of apatite cannot be treated as a proxy of palaeocean chemistry as discussed in many studies so far (e.g., Wright et al., 1987; Ilyin, 1998; Shields and Webb, 2004; Lecuyer et al., 2004; Bright et al., 2009) .
Another implication that can be extracted from this study is the REE abundances accumulated in the pelagic sediments as REE resources (Kato et al., 2011; Emsbo et al., 2015) . Although apatite has been considered as a host phase of REEs in REE-rich mud (Kon et al., 2014; Kashiwabara et al., 2014; Yasukawa et al., 2014) , the factors controlling REE concentration in the apatite remain unclear. The transfer of REEs from Mn (and Fe) oxides to apatite suggests that the ratio of REEs in Mn (and Fe) oxides to that in apatite is an important factor that controls the REE abundances in the apatite.
EXPERIMENTAL

Samples and reagents
Sediment samples were obtained from the core recovered from ODP Leg 191, Site 1179 (41.4∞N, 159.6∞E) in the Northwestern Pacific, approximately 1600 km east of Japan (Kanazawa et al., 2001) . The water depth was 5565 m, well below the present calcite compensation depth (CCD). Four sedimentary units, with a total thickness of 377 m, overlie basaltic crust. We recovered the samples from Unit I, which extended from the sea floor to a depth of 223.5 meters below sea floor (mbsf), which corresponds to the late Miocene. Sediments from sea floor surface to 20.6 mbsf (mainly 7 mbsf) were examined in this study, where (i) diatoms predominate over the collected depth range and (ii) radiolarians are common. Sponge spicules and silico-flagellates also contribute to the siliceous nature of the sediment. In addition to the biogenic silica, the sediment includes clay and ash. Although the area is close to the boundary of North Pacific Red Clay Province, the sediment in this study is gray, unlike the red clay.
The sediment samples were treated separately for bulk chemical analysis and speciation analysis using X-ray absorption fine structure spectroscopy (XAFS Tanaka et al. (2009) . Ferrihydrite and d-MnO 2 were synthesized according to Schwertmann and Cornell (2000) and Foster et al. (2003) , respectively. Illite (IMt-1) and chlorite (CCa-2) received from the Source Clays Repository of the Clay Mineral Society (USA) were used for the fitting of Fe K-edge XANES to estimate Fe minerals in sediments. Details of the Fe species in the two samples are as follows. Iron species in IMt-1 has a ratio of [6] Fe 2+ : [6] Fe 3+ = 8:92, where [6] Fe denotes Fe in octahedral (coordination number = 6) layer in the clay mineral (O'Day et al., 2004) . Iron species in CCa-2 has a ratio of [6] (Brant et al., 2003) .
Chemical composition analysis
Compositions of major elements in the sediment samples were determined by X-ray fluorescence (XRF) spectroscopy (Rigaku ZSX-101e). The samples were dried overnight at 110∞C. The fusion glass was made from a mixture of sample (2.00 g), flux (4.00 g; Li 2 B 4 O 7 : LiBO 2 = 1:4, Johnson Matthey Spectro flux 100B), and LiNO 3 (0.60 g). Standard rocks, prepared by the Geological Survey of Japan (Imai et al., 1995a, b) were used for calibration. Details of the procedure used for the XRF analysis are found in Kanazawa et al. (2001) and Katsube et al. (2009) . REE abundances were determined by ICP-MS (VG PQ-3). About 0.1 g of weighed sample was digested by heating at approximately 180∞C for more than three days in a mixture of a HClO 4 and HF solution in a PFTE vessel with a screw cap. The solution was evaporated (approximately 110∞C) until a gel was formed, which was then redissolved in a HClO 4 solution at approximately 180∞C for one day to remove HF completely and decompose insoluble fluorides. The residue was redissolved in 6 M HCl solution and evaporated nearly to dryness. Finally, the sample was redissolved in 2% HNO 3 for injection into the ICP-MS. This method minimized the insoluble fraction. The REE abundances were determined using In and Bi as internal standards as Takahashi et al. (2002) (Shinotsuka et al., 1996) . For the correction, single-element solutions of Ba, Ce, and Pr were examined immediately after the samples and standards to obtain the ratios of BaO/Ba, CeOH/Ce, and PrO/Pr for every analysis, which were normally less than 0.001, 0.001, and 0.015, respectively. These ratios were employed to correct the intensities of 151 Eu and 157 Gd. The precision and difference from the recommended values (Imai et al., 1995a, b) were obtained by repeated analyses, including the decomposition processes, for the standard rocks JB-1a and JG-1a. The precision for each REE was better than 5% except for Tm (6%). The REE abundances for JB-1a agreed with the recommended values within 5% error, except for Y and Ho (approximately 10% and 15%, respectively). Such differences for Y and Ho can be expected, given that these elements are monoisotopic elements, for which precise isotope dilution analyses are impossible (Shinotsuka et al., 1996) .
Organic carbon (OC) content of the sediment sample was measured using a CHNS analyzer (Perkin Elmer, 2400 II). Prior to the analysis, inorganic carbon (IC) was removed by adding 2 mL of 1 M HCl to a 20 mg sediment sample, and then sonicating for 1 h before drying at 50∞C. The IC content was measured as the difference of OC and total organic content (TOC) measured by the CHNS analyzer without removal of IC.
Chemical leaching method
The chemical leaching method employed in the present study followed Toyoda and Masuda (1991) , in which extensive experiments were conducted to establish the chemical leaching of REE without re-adsorption on the remaining sedimentary materials, considering possible artifacts indicated by Sholkovitz (1989) and Takahashi et al. (2007) . A similar method was also employed in Takebe (2005) to quantify REEs in Mn 4+ oxides and apatite. The sediment sample (0.10 g) was treated with a mixture of sodium citrate solution (0.3 M, 2 mL), sodium carbonate solution (1 M, 0.5 mL, pH 10), and sodium dithionite (30 mg) in an ultrasonic bath at room temperature for 10 min. The leachate (F1), which was separated from the residue by centrifuge, corresponds to Mn (and Fe) oxide fraction. This method can inhibit re-adsorption of REEs on the remaining phases, which yields 100% recovery of REEs in the Mn (and Fe) oxide fraction (Sholkovitz, 1989; Toyoda and Masuda, 1991) . More than 80% of total Mn in the sediments was detected in F1, suggesting that Mn contained as Mn 4+ oxides is mainly contained in the fraction (Takebe, 2005) . The residue was treated with hydrochloric acid (0.2 M, 2 mL) in the ultrasonic bath at room temperature for 10 min; this procedure was repeated three times. The supernatant solutions obtained were mixed and analyzed. This fraction (F2) is designed to target phosphate and carbonate fractions. Sholkovitz (1989) showed that this method recovers >90% of the REEs in the F2. Since the depth of the sea floor of our sample is well below the carbonate compensation depth (CCD), the main host phase of REEs for the F2 fraction is most likely phosphates. More than 70% of phosphorous (P) was found in F2 (Takebe, 2005) , showing that phosphates were selectively extracted to F2. The residue (F3) corresponding to detrital phase (mainly silicate) was digested in a way similar to that for bulk analyses in Subsection "Chemical composition analysis". REE abundances were analyzed for all the fractions, after converted to 2% HNO 3 solution as written above. The total concentrations of REEs in the three fractions for the samples examined here were more than 90% of REE in the bulk analysis, showing that loss of REE during the procedures was negligible.
Additional leaching experiments were conducted to estimate ion-exchanged fraction of REE on various materials in the sediments based on Tessier et al. (1979) . For this purpose, 0.20 g of sediment sample was added into 1 M sodium acetate solution (1.6 mL) at pH 8.2, which was shaken for 1 hour at room temperature. This fraction (F EX ) is generally regarded as exchangeable fraction. After the filtration, remaining solid phase was subsequently mixed with 1 M sodium acetate solution (1.6 mL) at pH 5.0, which was shaken for 10 hours at room temperature. Although this fraction is usually treated as carbonate fraction (F Car ), the F Car can be regarded as also exchangeable fraction for REE in this study, because (i) carbonate is not important in the sediment of the present study (below CCD) and (ii) the lower pH (=5) induces further desorption of REEs from various minerals (e.g., Coppin et al., 2002; Takahashi et al., 2004) .
LA-ICP-MS
REE abundances of sediment particles rich in Mn 4+ oxides and apatite were determined directly by ICP-MS coupled with laser ablation (LA) technique using a UP-213 system (New Wave Research). The LA system uses a quintupled Nd:YAG laser beam at 213 nm operated at 5 Hz repetition rate and 10 J/cm 2 /pulse. The carrier gas was a mixture of He (0.24 L/min), N 2 (5 mL/min), and Ar (ca. 1 L/min) introduced into the ICP-MS (Thermo-Fisher Scientific, PQ-3). Using He and N 2 gas improves the sensitivity of LA-ICP-MS analyses (Nesbitt et al., 1997; Iizuka and Hirata, 2005) . For the LA-ICP-MS analysis, particles of the sediment samples were embedded in epoxy resin. After solidification of the resin, the particles were polished by SiC abrasive and subsequently by 1/4 mm diamond paste.
Prior to the LA-ICP-MS analysis, major elements in each particle were analyzed by electron microprobe (EMP; JXA-8200, JEOL) to identify Mn 4+ oxides and apatite in the sediment samples. Quantitative analyses were performed by wavelength dispersive spectrometry (WDS) operated at 15 kV and a beam current of 15 nA with a beam size of 2 ¥ 2 mm 2 . The counting time was 20 s for each wavelength and raw datum corrections were made for ZAF method (i.e., correction for atomic number, absorption, and fluorescence effects). The following X-ray lines and standards were used: Si Ka (jadeite), Al Ka (pure Al 2 O 3 ), Fe Ka (pure Fe 2 O 3 ), Mn Ka (pure MnO), S Ka (chalcopyrite), P Ka (synthetic InP), Ca Ka (wollastonite), Na Ka (albite), K Ka (K-feldspar), and Ti Ka (pure TiO 2 ).
The contents of Mn and Ca determined by means of EMP/WDS were employed as internal standards for the determination of REE in the Mn 4+ oxides and apatite samples by LA-ICP-MS, respectively. The measurement conditions of LA system are as follows: the beam size (diameter) was 25 mm; the exposure time was 15 sec. Major and trace elemental abundances were normalized by NIST SRM 610 (Jochum et al., 2011; Kon et al., 2014) .
XANES
Oxidation states of Ce, Mn, and Fe and the identity of the host phase of Y were estimated by XANES spectra at Ce L III -edge, Mn K-edge, Fe K-edge, and Y K-edge, respectively. XANES spectra of Ce L III -edge and Mn Kedge were recorded at BL-12C in Photon Factory, High Energy Accelerator Research Organization (KEK) in Tsukuba, Japan. Experimental procedures are similar to those in Takahashi et al. (2000b) . A Si(111) double-crystal monochromator was used to obtain the incident X-ray beam. The energy step was typically 0.25 eV. The energy of the peak top did not shift more than 0.25 eV throughout all the measurements. All of the spectra were collected in the fluorescence yield mode using a 19-element solid state detector (SSD) except for reference materials measured in transmission mode. For the fluorescence yield mode, it was necessary to correct the single-channel analyzer windowed signal because of the increase in dead time when the incoming count rate was high due to the large intensity from fluorescence and scattered X-rays. Spectra of Fe K-edge and Y K-edge XANES spectra were obtained at BL01B1 in SPring-8, Hyogo, Japan. Monochromator, detection method, and energy-scan step were basically similar to those employed in BL-12C in Photon Factory.
Cerium L III -edge XANES of Ce in Mn 4+ oxide and apatite particles were measured by m-XANES using an 
X-ray microbeam (3 ¥ 3 mm
2 ) at beamline 10.3.2 at the Advanced Light Source (ALS, Lawrence Berkeley National Laboratory, USA). The sample particles from different depths were embedded in a high purity resin (Eposet, Maruto Co., Ltd.) and polished by a SiC abrasive and subsequently by a diamond abrasive. Particles in the resin were examined by m-XANES analysis (Takahashi et al., 2007) . The layout of beamline 10.3.2 at ALS was described by Marcus et al. (2004) . The particles of the samples were the same as those examined by the LA-ICP-MS. The m-XANES analysis measured in fluorescence yield mode was conducted prior to the LA-ICP-MS analysis to avoid the effect of damage caused by LA to each particle. The energy range for the m-XANES analysis was from 5.7 keV to 5.8 keV, and the energy step was 0.25 eV. The probing depth of the m-XANES analysis using Ce La emission (=4.8 keV) is estimated to be less than 50 mm and 10 mm for Mn 4+ oxides and apatite, respectively. Details of the analyses are similar to those reported by Marcus et al. (2004) .
RESULTS AND DISCUSSION
Chemical compositions of the sediments
The sedimentation rate for the sediment core studied in the present study was estimated to be approximately 3 cm/kyr, as reported in the ODP report (Kanazawa et al., 2001) . This value was similar to the value reported in Bailey (1993) for the sediment from various sites that include the area examined in the current study. This result shows that the age of the sediment obtained above 20.6 mbsf are younger than 0.7 Ma (middle Pleistocene). The relatively high sedimentation rate may be due to supply of large amounts of terrigenous materials and volcanic ash in this area (Bailey, 1993) .
Abundances of major elements and REEs of the samples were tabulated in Tables 1 and 2 with brief description of samples at various depths. The samples are homogenous from the sea floor to a depth of ca. 10 mbsf, which consists of radiolarian ooze with smaller amount of clay. Concentrations of SiO 2 , Al 2 O 3 , TiO 2 , and Fe 2 O 3 were almost constant throughout the depth (0-10 mbsf; Table 1 ; Fig. 1 ). A plot of the SiO 2 /TiO 2 ratio vs. the Al 2 O 3 / TiO 2 ratio is shown in Fig. 2 . To compare the results with other sediment samples in the Pacific, the data in Takebe (2005) and Bailey (1993) were also shown in Fig. 2 . The samples in Takebe (2005) were surface sediments up to 0.30 mbsf in various regions in the Pacific. The variation was explained by the different contributions of loess (possibly as Asian aeolian dust), silicic volcanic ash, and biogenic silica shown as reference data in Fig. 2 , which were proposed as the data of end members of source materials supplied to the central North Pacific sediments of Kyte et al. (1993) . The detritus from island-arcs is important especially in the northwestern Pacific (Nakai et al., 1993; Bailey, 1993) . Our results are within the area of the variation in Fig. 2 , suggesting that the source materials of the sediment can be explained by the mixing of the end members assumed in these studies (loess, silicic volcanic ash, and biogenic silica). In particular, the data of the present samples were confined in the very narrow range (Fig. 2) , which suggests that the source materials and the depositional environment of the sediments were similar during the deposition of the sediments within the studied depth.
To identify the host phase of REEs and the effect of early diagenesis on migration of REEs within sediments, minor components such as phosphates and Mn 4+ oxides must be considered as well. In particular, phosphates including small fragments of fish bones have been indicated as the host phase of REE, which controls the REE abundances in pelagic sediments (Toyoda et al., 1990; Takebe, 2005; Emsbo et al., 2015) . Consequently, there is a clear correlation between Sm and P in surface sediments as reported in Toyoda et al. (1990) and Takebe (2005) . Our data of surface sediment above 0.6 mbsf is plotted within the correlation line obtained in Toyoda et al. (1990) and Takebe (2005) . However, data for deeper sediments (below 0.6 mbsf) shifted slightly to lower P 2 O 5 compared with that for shallower sediments due to decrease of phosphate concentration by active cycling of phosphates during early diagenesis as will be discussed in Subsection "Transfer of REEs from Mn 4+ oxides to phosphates". As a whole, the present data especially for the shallower sediments are consistent with the reference data, showing that the sediments of this study follow the general geochemical trends reported for the Pacific pelagic sediments. Therefore, the conclusions made in these previous studies that the carriers of REEs in the sediments are (i) terrigenous component (e.g., loess), (ii) phosphate minerals (e.g., apatite), and (iii) Mn 4+ oxides are also valid for the samples studied in the present study. The third component, Mn 4+ oxides, which was not discussed above, can be important as suggested in various studies (Barrett and Jarvis, 1988; Toyoda et al., 1990; Tachikawa et al., 1999; Takebe, 2005) .
Early diagenesis effects on Mn, nitrate, and Fe in the sediments
In contrast to the conservative depth profiles of Si, Al, and Ti, Mn abundance changes to a great degree especially above 1 mbsf (Fig. 1) , because of the diagenetic effect induced by the decomposition of organic matter within the sediments (Froelich et al., 1979; Glasby, 2006) . Tetravalent Mn oxides can be used as an oxidant for organic matter; hence, the reductive dissolution of Mn 4+ oxides occurs below ca. 0.5 mbsf (Fig. 4) . Consequently, the dissolved concentration of Mn in pore water increases with the depth (Fig. 5a ). The oxidation state of Mn can be assessed by Mn K-edge XANES. As seen from the spectra of various Mn species, the Mn absorption peak shifts to higher energy with the increase in the oxidation state of Mn (Fig. 4a) . As a result, only the sample at 0.6 mbsf showed the peak at similar energy to that of d-MnO 2 , which suggests that Mn 4+ species in the sediments is mainly MnO 2 . Schulze et al. (1995) reported that the average oxidation state of Mn can be quantified by the fitting of the pre-edge of Mn K-edge XANES; that is, the pre-edge structure was fitted by the combination of a Gaussian function and a second-order polynomial function (Fukukawa et al., 2004) . The position of the peak defined by the centroid of the Gaussian function allows for the estimation of the average valence of Mn (Fig. 4b) . As a result, the average oxidation state of Mn at 0.6 mbsf is close to tetravalent, while divalent below 1.8 mbsf (Fig.  5c) .
The oxidation state of Mn determined by XANES is also consistent with the reductive dissolution of Mn below 1 mbsf, which is reflected in the lower abundance of Kyte et al. (1993) for basalt, silicic volcanic ash, and loess, Taylor and McLennan (1985) for PAAS, and Ziegler et al. (2007) for authigenic smectite.
Mn below 1 mbsf. The increase of Mn concentration in the pore water with depth (Kanazawa et al., 2001) causes the upward diffusion of dissolved Mn in the sediment column (Fig. 5a) . The oxidation to Mn 4+ , possibly by dissolved oxygen, produces Mn 4+ oxides, which leads to maximum Mn concentration in the sediment at 0.3 mbsf.
The consumption of nitrate as the oxidant results in the decrease of nitrate concentration in the pore water as the depth increases from the sea floor (Fig. 5a ). This observation is consistent with the order of oxidizing power in natural system, that is, nitrate is slightly stronger oxidant than Mn 4+ oxides (Froelich et al., 1979) . The subsequent oxidant after the depletion of Mn 4+ oxides is Fe oxides. However, reduction of Fe 3+ coupled with the decrease and increase of Fe contents in sediments and pore water, respectively, was not obvious in the sediment core of the present study (Fig. 5c) . Iron K-edge XANES for the sediment from 0.60 mbsf to 9.81 mbsf were shown in Fig. 6 . As was conducted for Mn K-edge XANES, average Fe oxidation state was determined by pre-edge analysis ( Fig. 5c ; Wilke et al., 2001; Takahashi et al., 2011) . As a result, reduction of Fe was not observed within a range from 0 to 10 mbsf, probably because (i) clay minerals with Fe 2+ and Fe 3+ suggested as main Fe species in the sediment ( Fig. 6 ; details of the discussion is given below) are resistant to diagenesis under the surface sediment condition and (ii) sulfide formation did not occur within the depth examined in this study. These results on the concentrations and speciation of Mn and Fe showed that early diagenesis effect was much larger for the dissolution of Mn 4+ oxides, but not significant for the dissolution of Fe oxides in the sediments in the present study.
Further discussion of Fe K-edge XANES were conducted related to Fe species in the sediments and mineral airborne dust based on the linear combination fitting for possible Fe minerals contained in natural samples (Takahashi et al., 2011; Nakada et al., 2014) . Consequently, the spectra of the surface sediments can be wellfitted by the combination of the spectra of ferrihydrite, illite, and chlorite. The presence of the latter two species is consistent with the fact that illite and chlorite are the main clay minerals found at the surface sediment in the northeastern Pacific (Oinuma and Kobayashi, 1966; Griffin et al., 1968) . Although the successful fitting of the spectra can give information of Fe ratios in various minerals, the actual ratio depends on the specimen of each mineral used in the fitting due to the presence of various Fe under different coordination environment. The illite (IMt-1) used here mainly contains [6] [6] Fe 2+ , the combination of IMt-1 and CCa-2 allows us to include [6] Fe 2+ and [6] Fe 3+ species in the Fe speciation. Thus, it is possible that actual ratio of each mineral can be different from the real value, but the fitting results can give variation of relative ratios of the Fe-bearing clay minerals at different depths.
Another possible component that should be considered for the fitting of Fe K-edge XANES is REE transfer in sediments during early diagenesis 661
Fig. 4. Manganese K-edge XANES for (a) reference materials and sediment samples with (b) fits of the pre-edge region of the spectra and the calibration line used to determine the Mn 4+ fraction. Thin solid curve in the left figure is the background assuming polynominal function. Dotted curve is the peak of the pre-edge region, which were fitted by a Gaussian function. Calibration curve is shown in right figure to determine the Mn
4+ fraction.
Fig. 5. Depth profiles below sea floor for (a) dissolved Mn, NO 3 -, and Fe in pore water (Kanazawa et al., 2001), (b) FeO and MnO content in the sediments, (c) average oxidation states of Fe and Mn, and (d) average oxidation state of Ce and degree of Ce anomaly (Ce/Ce*).
Fig. 6. Iron K-edge XANES for (a) reference materials and sediment samples with (b) the depth profiles of Fe species determined by the fitting of the XANES spectra.
montmorillonite (Oinuma and Kobayashi, 1966; Griffin et al., 1968) , but the similarity of Fe K-edge XANES between montmorillonite and illite (Nakada et al., 2014) makes it difficult to distinguish the two minerals only by XANES due to the similarity of coordination of Fe in the two minerals. As a result, fitting of the XANES spectra by those of montmorillonite, chlorite, and ferrihydrite gave similar results to those in Fig. 6 . Thus, it must be noted that illite fraction in Fig. 6b possibly includes a certain amount of montmorillonite. In spite of the difficulty of distinguishing these two minerals, Fe K-edge XANES is useful in estimating Fe species in various minerals including poorly-crystalline Fe oxides and/or hydroxide such as ferrihydrite, which is hardly identified with the X-ray diffraction examination. The presence of Fe oxides and/or hydroxide in the sediments was also described in Kanazawa et al. (2001) . In summary, Fe Kedge XANES suggested that main Fe species in the sediments are illite/montmorillonite, chlorite, and Fe oxides and/or hydroxide.
REE abundances and the oxidation state of Ce
REE patterns at various depths normalized by CI chondrite (Anders and Grevesse, 1989) for the bulk sample were similar among different depths (Fig. 7 ). This result also shows the similarity of sediments deposited within the depth, or during the past ~0.7 m.y. (corresponding to a sediment depth of ~20 mbsf). In the REE patterns, slightly positive Ce anomaly was found at the shallower region above 2 mbsf (Fig. 5d) . In Fig. 5d (Takahashi et al., 2000b (Takahashi et al., , 2007 , which leads to the selective accumulation of Ce among REE on Mn 4+ oxides. In order to assess the oxidation of Ce, Ce L III -edge XANES was measured for some samples at various depths (Figs. 5d and 8). The peak at ~5.723 keV is ascribed to Ce 3+ , while those at 5.730 and 5.735 keV are assigned to Ce 4+ (Takahashi et al., 2000b (Takahashi et al., , 2002 . The XANES spectra showed that Ce 3+ is predominant in the sediment samples at Site 1179, but some spectra for the samples near the sea floor exhibit peak around 5.735 keV. The peak deconvolution by the linear combinations of the Ce 3+ and Ce 4+ spectra represented by Ce 2 (CO 3 ) 3 ·8H 2 O and Ce(SO 4 ) 2 ·4H 2 O, respectively, can give the Ce 3+ /Ce 4+ ratios (Takahashi et al., 2000b) . As a result, Ce 4+ fraction decrease from ca. 50% at 0.20 mbsf to 0% at 1.0 mbsf and no contribution of Ce 4+ was found below 1.0 mbsf. This depth dependence coincides with the reduction of Mn within the depth profile (Fig. 5) . Therefore, it is suggested that reductive dissolution of Mn 4+ oxides is related to the reduction of Ce 4+ in the sediment. Since Mn content in sediment below 0.5 mbsf (Mn content < 0.5 wt.%) is much smaller than that above 0.5 mbsf, it is important to know the behavior of REE that can be released from Mn 4+ oxides during early diagenesis.
Host phase of REEs estimated by chemical leaching
Chemical leaching of selected samples at various depths were conducted to identify the host phase of REEs within the sediment core. Based on Toyoda and Masuda (1991) , Takebe (2005) , and Sholkovitz (1989) , it is expected that F1 and F2 contain Mn (and Fe) oxides and apatite fractions, respectively, while F3 (residual fraction) consists mainly of terrigenous (detrital) materials. To confirm this assignment, abundances of Mn, Fe, and P in each fraction were measured for the samples at 0.20, 0.60, and 1.80 mbsf (Fig. 9) . At any depths, P in F2 fraction relative to total P was larger than 60%, showing that F2 fraction corresponds to the phosphates, mainly apatite (note that carbonate is not abundant in our samples, since the depth is below the CCD). At 0.20 and 0.60 mbsf, Mn in F1 fraction relative to total Mn was larger than 70%, consistent with the result in Takebe (2005) . The results showed that F1 fraction includes mainly Mn 4+ oxides. However, Fe in the F1 and F3 fractions are <30% and >50%, respectively, showing that Fe is mainly in the detrital materials, which is consistent with the Fe speciation results by Fe K-edge XANES (Subsection "Early diagenesis effects on Mn, nitrate, and Fe in the sediments"). It must be noted that Mn abundance in F1 fraction greatly decreased at 1.80 mbsf, which agrees with the fact that Mn 4+ oxides is dissolved by the reduction, but Fe abundance in F1 fraction did not decrease due to the lower reducing potential of Fe(OH) 3 -Fe 2+ redox couple (Froelich et al., 1979) .
The similarity between our results and Takebe (2005) was also found in the REE distribution pattern (Fig. 10 , Table 3 ). The REE patterns of F1-F3 fractions at 0.6 mbsf were similar to those for a sample NB78 (collected in the northern Pacific) reported in Takebe (2005): (i) slightly positive Ce anomaly for F1, (ii) no significant Ce anomaly in F2, and (iii) contribution of REE in F3 more than 50%. For all the samples examined in this study, (i) positive Ce anomalies were found for F1 fractions at any depths, Fig. 9 . Concentrations of Mn, Fe, and P belonging to F1, F2, and F3 phases (ii) Ce anomaly was not found for F2 for most of the sample except for the sample at 1.80 mbsf with positive Ce anomaly, and (iii) detrital materials (F3) contain largest amount of REEs compared with F1 and F2 fractions. In particular, the positive Ce anomaly and Y/Ho ratio lower than CI chondrite typically found in hydrogenetic ferromanganese nodules ( Fig. 11 ; Takahashi et al., 2007) were also shown for REEs in the F1 fraction, which also supports that the fraction is characterized as Mn 4+ oxides. On the other hand, the REE pattern of F3 component is similar to that of upper continental crust (UCC; Taylor and McLennan, 1985) , as observed from Ce/Ce*-Y/Ho diagram (Fig. 11) . These results revealed that most of REEs in the sediments are included in the detrital materials of terrigenous origin, which is consistent with the discussion on the compositions of the sediments in Subsection "Chemical compositions of the sediments".
One may think that F1 and F2 fractions contain considerable amounts of exchangeable REEs desorbed from sediments remaining in the chemical leaching solution in the processes to identify F1 and F2 fractions. To estimate the exchangeable REEs, the sediment was mixed with 1 M sodium acetate solution at pH 8.5 and subsequently at pH 5. Sum of the REEs in the two fractions was plotted in Fig. 10 for the sediments at 0.20, 0.30, and 0.60 mbsf. Under high ionic strength condition at 0.5 M NaNO 3 , adsorption distribution coefficient of REE on kaolinite and smectite at pH 5 is low and identical to that at pH 2, showing that adsorption of clay minerals at pH 5 is small under high ionic strength condition (Coppin et al., 2002) . Thus, the leached fraction by the addition of 1 M sodium acetate at pH 5 examined here showed that REE adsorbed on the sediments is less than 10% of REE in other fractions (F1, F2, or F3 ). This result indicates that REE in the F2 fraction (phosphates) also increased with the depth (Fig. 10e) . This fact suggests that the larger contribution of phosphate fraction with depth is caused by the release of REEs during reductive dissolution of Mn 4+ oxide and their incorporation to phosphate during diagenetic processes.
The change of the main host phase of REEs was confirmed by Y K-edge XANES (Fig. 12) . Although EXAFS is needed to show whether REEs are adsorbed on the surface of sediment particles such as Mn 4+ oxides and phosphates or incorporated into the particles, low concentrations of any REEs in our samples inhibit us to measure EXAFS. However, Y K-edge XANES can reflect Y species in the sediments (Tanaka et al., 2009 (Taylor and McLennan, 1985) ; Fe-Mn nodules (Takahashi et al., 2007) ).
adsorbed on the surface of various minerals in the sediments is negligible compared with REE in Mn oxide, apatite, and detrital materials fractions. It must be noted that the contributions of F1 and F2 systematically changed with the depth: Mn 4+ oxide fraction (F1) contains a larger amount of REEs than phosphate fraction (F2) at 0.20 and 0.30 mbsf (Figs. 10a and  10b) , while REE concentrations of F2 was larger than those in F1 at 0.60 and 1.80 mbsf (Figs. 10c and 10d) . The decrease of the contribution of Mn 4+ oxides as the host phase of REEs is consistent with the reductive dissolution of Mn 4+ oxides as was seen from the Mn abundances in sediments and in pore water and from the oxidation state of Mn (Fig. 5) . In addition, REE abundance of Y in phosphates such as YPO 4 , Y precipitated with same amount of phosphate ion at pH 6 (YPO 4 precipitates), and Y in natural apatite all exhibit a shoulder around 17.045 keV (Fig. 12a) , which was even clearer in the 1st derivative spectra in Fig. 12b . The similar structure was found for the sediments at 0.70 and 0.80 mbsf, showing that considerable amount of Y, or REE, was hosted by phosphates in the sediments. However, the structure was not evident for the samples at 0.20 and 0.30 mbsf, the spectra of which are more similar to that of Y 3+ adsorbed on d-MnO 2 as expected from chemical leaching results. These results are consistent with the conclusion above that a larger amount of REE is hosted by phosphates at deeper layers than those at shallower depth.
It is expected that the positive Ce anomaly in Mn 4+ oxides is correlated with the presence of Ce 4+ , since Mn 4+ oxides accumulates Ce relative to other REEs by the oxidation of Ce 3+ to Ce 4+ at the surface of the mineral (Takahashi et al., 2000b (Takahashi et al., , 2007 . Takahashi et al. (2007) showed that all the Ce incorporated in the Mn 4+ oxides is oxidized to Ce 4+ . Hence, the ratio of Ce 4+ to total Ce in the sediments should be similar to the ratio of Ce in Mn Tanaka et al. (2008) . chemical leaching. Moreover, Mn 4+ oxide fraction at 1.8 mbsf still exhibits a positive Ce anomaly. Thus, the oxidation by Mn 4+ oxide fraction is primarily important for the formation of Ce 4+ , which is still valid even in the relatively deeper layer.
. Yttrium K-edge XANES for reference materials and sediment samples at various and their 1st-derivative spectra in (b). Local structure of Y in calcite was discussed by EXAFS in
We also found that REE features in F2 fraction changed from F3-like pattern to F1-like pattern with the increase in the depth (Fig. 11) . These features suggest that phosphates at deeper depth incorporated REEs in the pore water released from Mn 4+ oxides because of its reductive dissolution in the depth. More specifically, a positive Ce anomaly was found in the phosphate fraction (F2) for the sample at 1.80 mbsf, but phosphate fractions at 0.20, 0.30, and 0.60 mbsf have no significant Ce anomalies (Figs. 10 and 11 analyses, Mn oxides and phosphate were identified by EMP (Tables 4 and 5 ), which showed that (i) the Mn oxides do not contain Fe more than 4.5 wt.% as FeO and (ii) the phosphate particles found here are mainly apatite. As for Mn 4+ oxides, typical electron back scattering images by EMP (Fig. 13) showed that Mn 4+ oxides is associated with the microfossils such as diatoms. On the other hand, m-XANES analyses revealed that Ce 4+ fraction in the Mn 4+ oxide spot was more than 75% ( Fig. 13 ), which again shows that Ce is oxidized during the fixation of Ce on Mn 4+ oxides within the sediments. The LA-ICP-MS analyses for the same Mn 4+ oxide particles showed that the REE patterns of Mn 4+ oxides exhibit positive Ce anomalies (Fig. 13a) , consistent with the results suggested by the chemical leaching. The absolute concentration of REE decreased with depth, possibly because REE concentrations in diagenetic Mn 4+ oxides are generally lower than that in hydrogenetic Mn 4+ oxides (Takahashi et al., 2007) . Relative enrichment of HREE to MREE (=slope of REE pattern) is generally larger for hydrogenetic Mn 4+ oxides than in diagenetic Mn 4+ oxides (Takahashi et al., 2007) , which is also in accordance with the fact that the HREE/MREE ratio at 0.01 mbsf is larger than those at 0.20 and 0.30 mbsf.
Similar experiments were conducted for apatite in the sediments (Figs. 13b and 14) . The m-XANES showed that Ce in the apatite was exclusively in trivalent form. Moreover, the LA-ICP-MS showed that REE patterns of the apatite at shallower region (0.01, 0.20 and 0.30 mbsf) showed no detectable positive Ce anomaly. The apatite at 0.01 and 0.20 mbsf, in contrast, exhibited negative Ce anomalies, which reflects REE pattern of seawater. At deeper region, however, the REE pattern of the apatite at 0.80 mbsf had positive Ce anomaly (Fig. 13b) , though Ce in the same grain at 0.80 mbsf was mainly trivalent as revealed by m-XANES (Fig. 14) . There results confirmed that REE with positive Ce anomaly in the pore water released by the dissolution of Mn 4+ oxides was finally fixed to the phosphates (mainly apatite) within the sediments during diagenetic processes.
GEOCHEMICAL IMPLICATIONS AND CONCLUSIONS
Transfer of REEs from Mn
4+ oxides to phosphates The present results shown above are consistent with the importance of phosphates as the host phase of REEs in sediments, as suggested in previous studies (e.g., Toyoda et al., 1990; Takebe, 2005; Kon et al., 2014; Kashiwabara et al., 2014; Emsbo et al., 2015) . By combining multiple analytical methods, such as XAFS, LA-ICP-MS, and chemical leaching, the current study clearly showed that the REEs released from Mn 4+ oxides is transferred to phosphates at deeper layer within the sediments (Fig. 15a) . Manganese oxides are the active scavenger of REEs near the sea floor in the sediments (e.g., Bau et al., 1996; Ohta et al., 1999) . Iron oxides are also important as the host phase of REEs in the sediments (e.g., German et al., 1990; Barrett and Jarvis, 1988) . However, (i) invariable concentration and speciation of Fe at different depths (Figs. 5 and 6), (ii) increase of dissolved Mn concentration with depth ( Fig. 5 ; Kanazawa et al., 2001) , and (iii) decrease of Mn 4+ oxides in the sediments between 0 and 1.8 mbsf shown by XAFS and chemical leaching (Figs. 5 and 9) suggest that REEs were primarily associated with Mn 4+ oxides in the sediments studied here, which was subsequently released to pore water during diagenetic processes. Chemical leaching results showed that at this stage phosphates play an important role as a scavenger of REEs in pore water during early diagenesis.
Generally, the source of P in sediments can be classified into (i) inorganic phosphates such as apatite, (ii) organophosphorous compounds, and (iii) phosphate ion adsorbed on Fe and possibly Mn 4+ oxides (Slomp et al., 1996; Tsandev et al., 2012) . Within anoxic sediment with active degradation of organic matter, phosphate ion can be released to pore water (e.g., Cha et al., 2005; Ingall and Jahnke, 1994) . In contrast, phosphate ion can be retained on Fe oxide under oxic condition, which can provide phosphate ion into deeper layer (e.g., Poulton and Canfield, 2006) . In both cases, the dissolved phosphate ion induces formation of authigenic phosphates such as apatite at deeper layer (e.g., Van Cappellen and Berner, 1988; Ruttenberg and Berner, 1993; Rasmussen, 1996) . In our sediment core, the dissolved phosphate concentration increased within the pore water with the increase in the depth from 0 to 6 mbsf (Fig. 5) . This trend can induce upward transport of phosphate as discussed for Mn, but the enrichment of phosphate is not marked in the sediment compared with that of Mn (Fig. 5) . This is because the contribution of diffused component (flux: J M ) to total phosphate concentration in pore water (C M ) is much lower for P than Mn, if we estimate the component based on As a result of the early diagenetic effect, the concentration of dissolved phosphate ion in the pore water was higher than 10 mM, which is sufficient to form authigenic phosphates such as apatite in the sediments based on the previous studies (Slomp et al., 1996; Tsandev et al., 2012) . Hence, authigenic phosphates are most likely formed in the sediments during early diagenesis in the sediment investigated in this study. Calcium concentration in the pore water was constant at 11 mM throughout the depth studied here (Kanazawa et al., 2001) , while phosphate con-centration increases with the increase of the depth. Thus, it is expected that the precipitation rate of apatite increases with the increase of the depth, which may be responsible for the lower REE concentrations in the phosphates at 0.30 and 0.80 mbsf determined by the LA-ICP-MS (Fig.  13) .
The increase in REE in the F2 fraction with depth ( Fig.  10 ) strongly suggests that most of the REEs released from Mn 4+ oxides is finally fixed by the phosphates. The positive Ce anomaly in the F2 fraction at 1.80 mbsf (Fig. 10 ) and the REE pattern of apatite at 0.80 mbsf (Fig. 13) revealed that REE with positive Ce anomaly released from Mn 4+ oxides were transferred to phosphates at deeper layer. As a result (Fig. 15) , the total REE abundances in Mn 4+ oxides and phosphates are fairly constant (Fig. 16) .
Importance of total REE associated with Mn 4+ oxides and phosphates REE patterns of detrital materials (F3) did not show large variation at different depths even during the intensive diagenesis (Fig. 10) . The uniformity of REE patterns of the detrital and authigenic phases is of great importance, because the REE patterns of the two phases can provide geochemical information. The detrital component can point to the provenances of the materials supplied to the sediments. Since the detrital fraction is the main component of REE in the sediments studied here, discussion on the provenances of the sediments is one example of the use of REE pattern as a geochemical tool.
On the other hand, REE patterns of authigenic phases can give information on the depositional environment of the sediments. For example, a positive Ce anomaly is most likely related to the presence of Mn 4+ oxides, showing that the depositional environment is under oxic condition such as in modern pelagic settings (Takahashi et al., 2000b) . Based on the present study, such positive Ce anomalies can be found in authigenic phases even after the dissolution of Mn 4+ oxides, because phosphate scavenges effectively the REEs released to pore waters. The fixation of REEs by phosphates in sediments is more efficient under oxic condition, where concentration of total phosphates available for the fixation is retained at deeper layer by adsorption of phosphates on Fe and Mn oxides.
Although REE pattern associated with apatite with various degrees of Ce anomaly is frequently used as a proxy for paleocean seawater chemistry, our study showed that the original REE pattern recorded in apatite can be overwritten to some degree by the REEs provided by dissolution of Mn (and Fe) oxides during early diagenesis. The degree of modification of REE pattern by the diagenesis depends on the ratio of initial abundances of Mn (and Fe) oxides to phosphates in the sediment (Fig.  15a) . If the contribution of the former phase is relatively smaller, such as under anoxic condition at sea floor, phosphates can preserve initial seawater chemistry information (Fig. 15b) . If the contribution of REEs in the Mn (and Fe) oxides is larger than that of phosphates, the REE record of phosphates can be diagenetic-origin, as exemplified by the positive Ce anomaly in the apatite found in this study, which was initially exhibited in Mn 4+ oxides. 
Possible conditions of enrichment of REEs in pelagic sediments
In terms of the importance of REE resources closely related to advanced technologies in various industrial fields, pelagic sediments containing high concentrations of REEs has gained significant interests as a possible source of REEs (Kato et al., 2011; Emsbo et al., 2015) . From the geochemical point of view, it is important to clarify factors controlling REE concentrations in such sediments. Based on various studies, apatite has been implicated as a main host phase of REEs especially for the sediments with total REEs more than 1000 ppm (=mg/ kg; Kon et al., 2014; Kashiwabara et al., 2014; Emsbo et al., 2015) . Meanwhile, Mn (and Fe) oxides is also important as the host phase of REEs at shallower depth of sediments. However, the relationship between the two phases in terms of the host phase of REEs has been still ambiguous.
Our study suggests that (i) most of REEs enriched in the Mn 4+ oxides near the sea floor was transferred to the phosphates during early diagenesis and (ii) total REE abundances in authigenic phases, which is assumed to be sum of Mn (and Fe) oxide and phosphate fractions (=F1 + F2), are constant within the sediment column (Fig. 16 ). In addition, REE abundances in Mn 4+ oxide fraction are larger than those in phosphate fraction at shallower region of the sediment column. Thus, a primary factor that controls REE concentrations in a certain depth should be REE concentrations in Mn (and Fe) oxide fraction, most of which are finally fixed to phosphates after the diagenetic processes. Vast numbers of studies of REEs in Mn (and Fe) oxide, which can exist as nodules, crusts, or small particles in the sediment, showed that the growth rate of the Mn (and Fe) oxides is a crucial factor controlling REE abundances in the Mn 4+ oxides (Takahashi et al., 2007 and references therein) . On the other hand, the total Mn concentration in the sediment is also important as a controlling factor of REE concentrations, which can be assessed by the accumulation rates of Mn in Pacific sediments (Chester, 1990) . Although further discussion on the distribution of Mn over the Pacific is not given here, REE accumulated initially in Mn 4+ oxides can be an indicator of potential of REEs as a resource within the sediment column, which can be finally fixed in apatite during early diagenesis (Fig. 15) .
In spite of the finding in this study, it is not obvious whether we can apply the REE transfer process found in this study to sediments in other areas. In particular, it is not clear whether the transfer of REEs shown here can be significant to the apatite that contains more than 20,000 ppm (=mg/kg) of REEs found in pelagic sediments (Kon et al., 2014) . For the apatite in the sediments, the high-REE abundances with negative Ce anomaly of the apatite in Kon et al. (2014) is mainly explained by the direct adsorption/incorporation of REEs from seawater which exhibits negative Ce anomaly. One possibility which can be proposed here based on this study is that (i) Fe oxides and/or hydroxides precipitated from hydrothermal plumes (e.g., German et al., 1990; Kato et al., 2011) that has scavenged REEs from seawater is dissolved during diagenesis and (ii) REEs released by the dissolution are subsequently enriched in apatite as suggested in this study. In this process, negative Ce anomaly generally found in Fe oxides and/or hydroxides (e.g., German et al., 1990) can be inherited by apatite, which accounts for negative Ce anomaly of apatite found in the REE-enriched apatite (Kon et al., 2014) . It is not conclusive at present whether REEs in the REE-rich apatite is directly supplied from seawater or supplied during diagenesis, and the process presented here is one possibility suggested based on our case study. However, the transfer of REE from Mn and Fe oxides to apatite during early diagenesis should be considered as a possible important process for REE in apatite in sediments.
